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A system for allocating resources in a communication net-
work includes a plurality of access points and a central
controller having a transceiver and a processor. Each of the
plurality of access points is configured to identify traffic
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received traffic information and the received channel infor-
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tion.
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RADIO RESOURCE MANAGEMENT IN
LARGE WIRELESS NETWORKS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims a priority benefit to U.S.
Provisional Patent App. No. 62/461,441 filed on Feb. 21,
2017, the entire disclosure of which is incorporated herein
by reference.

BACKGROUND

Recent years have witnessed an explosion of mobile data
traffic due to proliferation of smart terminals (e.g., smart
phones and tablet personal computers) and increasing use of
mobile applications. It is predicted that global mobile data
traffic will increase eightfold between 2015 and 2020. Wire-
less operators are investing heavily in infrastructure, includ-
ing increasingly denser deployment of access points (APs)
to improve cellular coverage and capacity for homes and
businesses in urban, suburban, as well as rural areas.

SUMMARY

An illustrative system for allocating resources in a com-
munication network includes a plurality of access points and
a central controller having a transceiver and a processor.
Each of the plurality of access points is configured to
identify its traffic information and channel information, and
transmit the identified traffic information and the channel
information to the central controller. The central controller is
configured to receive the traffic information and the channel
information from each of the plurality of access points and
to determine resource allocation recommendations based at
least in part on the received traffic information and the
received channel information. The resource allocation rec-
ommendations are determined on a timescale measured in
seconds, and each resource allocation recommendation is
specific to a given access point. The central controller is also
configured to transmit the resource allocation recommenda-
tions to the plurality of access points. Each of the plurality
of access points is configured to allocate a resource based on
the resource allocation recommendations and on local net-
work information.

A method for allocating resources in a communication
network includes receiving, by a transceiver of a central
controller, traffic information and channel information from
each of a plurality of access points. The method also
includes determining, by a processor of the central control-
ler, resource allocation recommendations based at least in
part on the received traffic information and the received
channel information. Determining the resource allocation
recommendations includes updating a candidate pattern set,
where the candidate pattern set includes all possible pat-
terns, and where a pattern comprises a subset of the plurality
of access points. Determining the resource allocation rec-
ommendations also includes identifying one or more pat-
terns from the candidate pattern set that are to receive one or
more resources. Determining the resource allocation recom-
mendations further includes determining whether an opti-
mality gap associated with the resource allocation recom-
mendations is below a threshold. The method further
includes transmitting, by the transceiver, the resource allo-
cation recommendations to the plurality of access points.
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2

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Tustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 depicts a high-level architecture of a system in
accordance with an illustrative embodiment.

FIG. 2 is a flow diagram depicting operations performed
by the system 100 in accordance with an illustrative embodi-
ment.

FIG. 3 is a high level flow diagram illustrating operations
performed by the pattern-pursuit algorithm in accordance
with an illustrative embodiment.

FIG. 4 depicts all patterns of a 3 AP, 2 UE network in
accordance with an illustrative embodiment.

FIG. 5 depicts a toy network example with 3 APs and 2
UEs in accordance with an illustrative embodiment.

FIG. 6 is a table depicting parameters compliant with the
LTE standard in accordance with an illustrative embodi-
ment.

FIG. 7 is a comparison of results of the present scheme
with baseline schemes in accordance with an illustrative
embodiment.

FIG. 8 is a diagram depicting the average packet delay
versus packet arrival rate in accordance with an illustrative
embodiment.

FIG. 9A depicts a deployment and user association for a
large network in accordance with an illustrative embodi-
ment.

FIG. 9B is a topology graph corresponding to the marked
area in FIG. 9A in accordance with an illustrative embodi-
ment.

FIG. 9C is an allocation graph corresponding to the
marked area in FIG. 9A in accordance with an illustrative
embodiment.

FIG. 10 is a graph that compares the actual average packet
delay of the proposed allocation scheme with the baseline
schemes in accordance with an illustrative embodiment.

DETAILED DESCRIPTION

Described herein are a system and method that enable
joint optimization of radio resource allocation in an unprec-
edented scale. Simulations described below demonstrate the
efficiency and effectiveness of the new technology in a
network consisting of a thousand or more access points and
several thousand user equipments (UEs).

With increasing number of smart terminals and widening
use of mobile Internet applications, there has been an
explosion of mobile traffic in commercial networks. To
support the tremendous growth of data traffic, a dense
deployment of access points (APs) or small cells over a large
area has been considered as a promising candidate for future
5G networks. The flexible multi-tier architecture can better
match highly dynamic traffic demands of UEs to possible
serving APs. Due to irregularities of network topology and
sophisticated interference conditions, efficient spectrum
allocation and user association becomes extremely crucial
for harnessing the full power of the infrastructure.

There have been many studies of resource management in
cellular networks. In one study, a dynamic fractional fre-
quency reuse scheme was proposed to combat the inter-
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sector interference. In another study, a heuristic greedy
search was proposed for user association. In other studies, a
utility maximization framework and pricing-based associa-
tion methods were proposed. The association problem has
also been jointly considered with resource allocation. How-
ever, in general, these studies give sub-optimal solutions
either by solving a non-convex optimization problem for a
small network or by running a distributed algorithm for a
large network, which is far from optimal.

To address resource management challenges, the inven-
tors have derived an equivalent reformulation of the funda-
mental resource allocation and user association problem
from the viewpoints of UEs. Such user-centric reformulation
captures the fact that each UE’s performance depends only
on the interference pattern of no more than a constant
number of APs in the UE’s neighborhood. This allows a
low-complexity reformulation of the global problem, which
reduces the total number of variables from exponential to
quadratic in the number of UEs. Specifically, described
herein is a pattern pursuit algorithm and proof that it can
yield a solution within any given gap from the global
optimum. The framework here applies to all concave utility
functions.

The goal of the present subject matter is to allocate
resources in a metropolitan area network consisting of a very
large number of APs. The total overhead for a network
controller to perform the proposed resource allocation
scheme is quite small since the timescale of resource adap-
tation is considered to be once every few seconds or min-
utes. For example, the rate for sending 30,000 parameters
(16 bits each) every minute is only 8 kilobits per second
(kbps). To validate the performance of the proposed scheme,
packet-level simulations are carried out. It has been dem-
onstrated that the proposed solution for networks with 1000
APs or more and 2500 UEs or more. It is observed that the
proposed scheme significantly outperforms other conven-
tional schemes, and that the performance is within a 7% gap
from (an upper bound of) the globally optimal utility in a
typical scenario.

Due to its simplicity, distributed AP-centric resource
management has been the dominant design principle in the
first generation (1G) through the fourth generation (4G)
cellular networks. Basically, each AP optimizes its perfor-
mance metrics independently with little or no direct input
from other APs. In most cases, APs/cells are carefully placed
and configured so that mutual interference can be tolerated.
However, with denser deployment of APs, it becomes
increasingly harder to place them at the most desirable
locations due to leasing constraints and other geographical
constraints. Such dense deployment causes the traffic varia-
tions in smaller cells to be much more pronounced, leading
to more complex interference conditions. As a result, denser
AP deployment alone does not lead to increased total
network capacity. It is therefore crucial for nearby APs to
coordinate allocations of all radio resources, especially radio
spectrum and power, so that mutual interference is effec-
tively managed.

Several coordinated resource management techniques
have been developed in long term evolution (LTE) and
LTE-Advanced (TE-A) standards. These include inter-cell
interference coordination (ICIC), enhanced ICIC (eICIC),
and further enhanced ICIC (felCIC). In particular, eICIC lets
an AP use almost blank subframes (ABS) to mitigate inter-
ference to neighboring cells. The coordination is accom-
plished through communication between neighboring APs.

However, to date there has been no practical design that
enables a large number of APs in a network covering a very
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4

large geographical area (hundreds of square kilometers or
more) to fully coordinate their physical resource allocations.
To address this, described herein are systems and methods
for large-scale joint optimization of radio resource manage-
ment that can be scaled to a thousand APs/cells or more. The
technology is based on a dual-timescale optimization frame-
work for spectrum allocation, user association, power con-
trol, and link scheduling. On a relatively slow timescale
(e.g., seconds or minutes), a central controller collects traffic
and channel state information from all APs and periodically
sends resource allocation instructions/recommendations to
the scheduler of each AP in the network. On a fast timescale
(e.g., milliseconds), each AP exchanges local information
(such as queue lengths and channel state information) with
neighboring APs and schedules links and physical resource
blocks (PRBs) based on the instructions/recommendations
from the central controller as well as information collected
from the other APs.

This subject matter described herein is well matched to
any resource pooling designs such as the cloud radio access
network (C-RAN). Both resource allocation and link sched-
uling problems are formulated as tractable optimization
problems which can be solved efficiently at the central
controller over slow timescale and at each AP over fast
timescale, respectively. Moreover, as discussed in more
detail below, the solution obtained by the central controller
is mathematically guaranteed to be within any given toler-
ance to the optimal allocation. The systems and methods of
the present subject matter offer two allocation schemes for
selection, which are referred to as conservative allocation
and adaptive allocation. The adaptive allocation scheme
performs moderately better with additional computational
complexity.

Typically, in a modern wireless communications system,
such as a Third Generation Partnership Project (3GPP) Long
Term Evolution (LTE) compliant communications system, a
number of cells or evolved NodeBs (eNB) (also commonly
referred to as NodeBs, base stations, base terminal stations,
communications controllers, network controllers, control-
lers, APs, and so on) may be arranged into a cluster of cells,
with each cell having one or multiple transmit antennas.
Additionally, each cell or eNB may be serving a number of
users (also commonly referred to as User Equipments (UEs),
wireless devices, mobile stations, users, subscribers, termi-
nals, and so forth) based on a priority metric, such as
fairness, proportional fairness, round robin, and the like,
over a period of time. It is noted that the terms cell, AP, and
eNB are often used interchangeably. For consistency herein,
the network is assumed to consist of a number of APs and
a number of UEs.

FIG. 1 depicts a high-level architecture of a system 100 in
accordance with an illustrative embodiment. The system 100
in FIG. 1 includes three AP clusters 105, 110, and 115, each
of which includes a plurality of APs. It is to be understood
that, in practice, each system will include a large number of
AP clusters and that the use of only the three AP clusters
105, 110, and 115 is for illustration purposes. Similarly, each
of the AP clusters may include a large number of individual
APs. As depicted in FIG. 1, there is some overlap in the
coverage areas of the various AP clusters such that some APs
appear in multiple clusters. The individual APs in each of the
AP clusters communicate with a central controller 120 by
way of a core network 125. The central controller 120 can
be any computing system, and includes at least a processor
121, a memory 122, and a transceiver 123 for exchanging
information.
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The individual APs in each of the AP clusters measure the
traffic and channel state information and interference con-
ditions for itself and/or its neighbors, and transmit the
information to the central controller 120 periodically. The
APs may also measure quality of service (QoS) information,
a number of UEs being served, signal-to-noise ratios, link
usage, and any other network-related information for pro-
vision to the central controller 120. In each period, the
central controller 120 collects the information from all APs
as the input, computes the most desirable resource alloca-
tions according to predetermined optimal criteria, and dis-
tributes the corresponding allocation instructions/recom-
mendations to the APs. The predetermined optimal criteria
can be QoS, signal-to-noise ratio, and/or any other metric
pertaining to network performance. In an illustrative
embodiment, only instructions/recommendations pertaining
to a given AP are sent to that AP. This periodic process is
typically carried out on a relatively slow timescale (e.g.,
seconds) in order to accommodate the latency in information
gathering and computation time.

The information exchange between the individuals APs
can be realized through direct links between APs, which are
often referred to as backhauls. The information exchange
between the individual APs and the network controller 120
is the core network 125, which can also be referred to as a
backbone network, which is a wireline network. The aggre-
gate data rate of such exchanges is very small compared to
the capacity of the backhaul and backbone networks.

On a fast timescale, each AP exchanges queue length and
channel state information with neighboring APs and sched-
ules links based on the exchanged information and on the
recommended allocations from the central controller 120 in
order to maximize the utilities of all its neighboring APs.
The utility of each AP can be general including the sum rate,
minimum UE service rate (max-min fairness), and sum
log-rate (proportional fairness). In an illustrative embodi-
ment, the APs do not rely solely on the recommendations
from the central controller 120 because of the inherent
latency involved in receiving the recommendations.

FIG. 2 is a flow diagram depicting operations performed
by the system 100 in accordance with an illustrative embodi-
ment. In alternative embodiments, fewer, additional, and/or
different operations may be performed. Additionally, the use
of'a flow diagram is not intended to be limiting with respect
to the order of operations performed. The operations per-
formed in block 200 are slow timescale operations per-
formed at the central controller, and operations performed in
block 205 are fast timescale operations performed at an
individual AP. In an operation 210, the central controller
receives traffic and channel information from all APs. In an
operation 215, the central controller computes allocation
schemes for all APs based on the received information. In an
operation 220, the central controller sends allocation rec-
ommendations to all APs.

In an operation 225, the AP exchanges queue length and
channel information with its neighboring APs such that the
APs can use this information in determining whether to
implement a recommendation received from the central
controller. In an operation 230, the AP sends its traffic and
channel information to the central controller. In an operation
235, the AP receives an allocation recommendation from the
central controller. In an operation 240, the AP schedules
links that maximize local network utility. In an illustrative
embodiment, the AP schedules the links based on both the
recommendation from the central controller and on the
locally exchanged information from neighboring APs.
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The systems described herein are suitable for implemen-
tation in any existing centralized solution (typically in a
small cluster), e.g., a C-RAN. Since the central controller
collects information on a slow timescale (once every a few
seconds/minutes), which is much slower than the channel
coherence time, the average channel conditions can be
accurately measured. In addition, the slow timescale also
allows ample time for channel state information exchange/
feedback and joint optimization of resource allocations in
every period. In the meantime, since each AP only has to
exchange queue length and channel state information with
neighboring APs, the overhead of exchanging information
on a fast timescale is insignificant in each individual cell.

The systems described herein can be implemented in a
very large wireless network consisting of hundreds or thou-
sands of APs, which may include many APs and C-RANs as
sub-networks. A single central controller collects informa-
tion from all or a large subset of the APs and computes
efficient allocation instructions/recommendations for all or a
subset of the APs. In a regional or nation-wide network, one
or a few such central controllers may be deployed in each
metropolitan area.

On the slow timescale, the task of the central controller is
to determine which resource segments (e.g., frequency/time
resources) to allocate to each AP, and subsequently, which
sub-segments to allocate to specific UEs associated with that
AP. The goal is usually to maximize some long-term net-
work utility such as QoS. The technology is broadly appli-
cable to arbitrary number of heterogeneous APs over an
arbitrary geographical area over arbitrary heterogeneous
frequency bands (which may or may not be contiguous)
using arbitrary heterogeneous physical layer signaling. The
technology applies to both the uplink and downlink trans-
missions in a network. For concreteness and clarity, the
present description often uses a generic downlink transmis-
sion setting with several homogenous APs and homoge-
neous UEs using identical signaling over a single homoge-
neous frequency band.

The notion of a pattern is important to resource allocation
in an interference environment. A pattern refers to a subset
of APs. In a network of n APs, there are 2” distinct patterns,
including an empty one. A resource is considered to be
allocated to a pattern if only APs in that pattern are allowed
to use/share the resource. An allocation of resources to all
APs can be thought of as dividing the resources into 2”
different pieces with various sizes, with each piece allocated
to one pattern. In practice, it oftentimes occurs that all but a
small number of patterns are allocated zero resources.

Since each pattern corresponds to the set of transmitters in
the downlink, it determines the interference condition in the
network, which implies the efficiency of each AP-UE link.
The central controller should select the best ones out of all
2" patterns along with the corresponding amounts of
resources that maximize the network utility of interest. The
spectrum allocation and user association problem at the
central controller side can be formulated as a convex opti-
mization problem with more than 2” variables (formulation
P1 below), which is computationally prohibitive in a large
network with thousands of APs. As opposed to such direct
optimization formulation, introduced herein is a computa-
tionally feasible problem formulation (see P2 below). Basi-
cally, the total number of variables and constraints in P2
increases only linearly with the number of UEs. The number
of AP’s that can serve a UE is assumed to be upper bounded
by a constant, which is always the case in practice.

The tractable formulation P2 is obtained based in part on
the fact that a UE can only be served by one or multiple APs
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from a subset of a small number of APs near the UE (defined
as candidate APs). This is due to rapid signal attenuation
over distance, which is referred to as path loss and means
that only a small number of APs are within range of that UE.
It suffices for each UE to only consider its candidate APs.
Meanwhile, it is sufficient for each AP to only consider
resource allocation among APs that may interfere with its
associated UEs. The tractable formulation P2 uses only local
variables defined in neighborhoods of UEs while maintain-
ing the consistency of allocations between overlapping
neighborhoods.

The tractable formulation P2 can be applied to general
large networks consisting of different kinds of APs trans-
mitting power at different power levels. The formulation
exploits the hidden sparse structure of the UE-AP associa-
tion. It also helps reduce the overhead of transmitting
recommended patterns to each AP since each AP only has to
receive good local patterns that exclude information about
other APs that are far away from it.

The tractable formulation P2 is a nonlinear mixed-integer
optimization problem. Discussed in more detail below is a
pattern-pursuit algorithm, described as Algorithm 1, for
solving the optimization problem at the central controller. It
is a first-order optimization algorithm. In each iteration, the
algorithm considers a linear approximation of the objective
function, and moves towards the maximizer of this linear
function (taken over the same domain), which identifies a
candidate allocation pattern. The spectrum allocation solu-
tion is chosen from all candidate patterns. Since the central
controller is solving a binary linear programming in each
iteration, due to the sparsity structure of the constraints, it
can be solved quickly using standard algorithms based on
branch and cut. Moreover, thanks to the convexity of the
utility function, the optimality gap can be computed in each
iteration as well. Hence, the algorithm can be terminated
when the optimality gap is below a preset threshold. The
resource allocation problem can be solved efficiently and
near-optimally at the central controller on a slow timescale.

FIG. 3 is a high level flow diagram illustrating operations
performed by the pattern-pursuit algorithm in accordance
with an illustrative embodiment. In alternative embodi-
ments, fewer, additional, and/or different operations may be
performed. Additionally, the use of a flow diagram is not
intended to be limiting with respect to the order of opera-
tions performed. In an operation 300, the pattern-pursuit
algorithm is initialized by the central controller. In an
operation 305, a linear approximation of the objective func-
tion is optimized. In an operation 310, a candidate pattern set
is updated. Resources are allocated by choosing patterns
from the candidate pattern set in an operation 315. In an
operation 320, a determination is made regarding whether
the optimality gap is below a predetermined threshold. If it
is determined that the optimality gap is not below the
threshold, the process reverts again to operation 305 and
continues the process until the optimality gap is below the
threshold. If it is determined that the optimality gap is below
the threshold, the pattern-pursuit algorithm is terminated in
an operation 325.

The pattern-pursuit algorithm described herein fits the
system structure because one recommended (or good) pat-
tern is found at each iteration. Therefore, the central con-
troller can keep sending recommended patterns to all APs
after each iteration. Moreover, this also facilitates the updat-
ing process within each AP.

Once the central controller obtains the near-optimal solu-
tion (i.e., some recommended patterns and their correspond-
ing weights), it sends these recommended patterns to each
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AP as a n instruction or recommendation to its scheduler.
Since each AP only interferes with its neighboring APs, the
instructions and/or recommendations to each AP may only
include the allocation information for that AP and its neigh-
boring APs, with very small information exchange overhead.

The aforementioned allocation scheme is called conser-
vative allocation in the sense that all the APs in a specific
pattern are assumed to be always interfering with each other.
The advantage of the conservative allocation is that there is
no need for the scheduler (or whichever unit that performs
rate adaptation) to know the state of the other APs included
in the pattern. However, the conservative rate is a lower
bound on the actual rate because the interference is overes-
timated. Therefore, to seek a better analytic solution, an
adaptive allocation scheme is also introduced, which better
models the interaction among APs.

The main idea of the adaptive allocation is the adoption of
the notion of an active set instead of assuming all APs in a
pattern are always interfering with each other. An active set
is a set of APs that actually transmit signals. In a stable
interactive queueing system, each active set appears for a
fraction of time (in other words, with certain probability).
Therefore, the queueing behavior of each UE is averaged
over all possible active sets. An iterative algorithm alter-
nately updates the allocation variables and utilization vari-
ables are proposed to yield an adaptive allocation. For
implementation, one may choose either the conservative
allocation scheme or the adaptive allocation scheme, or a
combination of the two in some form.

On a fast timescale, each AP schedules link transmissions
following the instructions/recommendations received from
the central controller. The link/packet scheduling problem at
the AP side is formulated as an optimization problem. The
inputs include the instantaneous queue lengths, the channel
state information of all links within its neighborhood, and
the instructions/recommendations from the central control-
ler. At each time slot, each AP selects a local pattern to
maximize some local network utility. One embodiment is to
use the patterns from the central controller as the set of
feasible patterns, and select one or a few local patterns with
the best match to the instructions/recommendations.

It is noted that that the formulated optimization problem
of link scheduling is similar to P1. The differences include:
(1) The objective function is the weighted sum rate with the
weight being the queue length of each link; and (2) The
optimization problem aims to choose one optimal pattern
from the recommended patterns sent from the central con-
troller. The formulated optimization problem is a linear
programming with finite feasible region, which can be
solved by enumerating all recommended patterns on a fast
timescale.

Detailed Discussion of the Algorithm

The discussion below considers the downlink of a net-
work consisting of n APs and k UEs. A network controller
is informed of the intensity of independent homogeneous
Poisson traffic intended for every UE. The central controller
also receives sufficiently accurate reports of channel/inter-
ference information from all the APs. The resource alloca-
tion is performed on a slow timescale, e.g., once every a few
seconds or minutes, which makes information exchange
(channel state information feedback) and joint resource
allocation viable at the central controller. In addition, since
the period of slow-timescale resource allocation is much
longer than the channel coherence time, the average channel
conditions can be accurately modeled and measured using
path loss and the statistics of small scale fading. The
frequency resources are assumed to be homogeneous on a
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slow timescale. Given spectrum resource of bandwidth W
Hertz (Hz), the task of the central controller is to determine
which spectrum segment(s) to allocate to each AP-UE link
in order to maximize the long-term network utility.

The set of AP indexes is denoted by N={1, .. ., n} and
the set of UE indexes is denoted by K={1, . . ., k}. Arbitrary
association is allowed such that each AP can simultaneously
serve any subset of UEs and each UE can be simultaneously
served by any subset of APs. Furthermore, flexible resource
allocation is allowed in that each AP-UE link can use an
arbitrary (possibly discontinuous) parts of the transmission
spectrum.

A key aspect of total spectrum agility is the notion of the
pattern, which as discussed above, refers to a subset of APs
(i.e., a subset of transmitters). A resource is said to be
reserved for pattern A if the resource is to be shared by
transmitters in A. As discussed herein, resources can refer to
frequency resources. However, the present system and
method can be generalized to time, frequency, and/or other
resources such as spatial resources. In the downlink, a
pattern A is a subset of N, and APs in A are allowed
simultaneous access to the frequency bands reserved for
pattern A. The pattern uniquely determines the interference
condition and henceforth also the efficiency of every AP-UE
link under the pattern. There are 2” distinct patterns in total,
including the empty one. Because the spectrum is regarded
as homogeneous on the timescale of interest, the spectrum
allocation problem can be formulated as how to divide the
spectrum among all 2” patterns. As an example illustrated in
FIG. 4, if there are three APs the spectrum can be divided
into 2°-1=7 segments. One segment is used by AP 1
exclusively (the pattern is {1}), a second is used by AP 2
exclusively (the pattern is {2}), a third is used by AP 3
exclusively (the pattern is {3}), and the remaining four
segments include three shared by the pairs of APs (the
patterns are {1,2}, {2,3}, and {1,3}, respectively), as well as
one segment shared by all three APs (the pattern is {1,2,3}).

The notion of the pattern is related to the concept of an
independent set defined in the special case where the net-
work is described by a weighted/unweighted conflict graph.
In a conflict graph, since adjacent links cannot succeed
simultaneously, it suffices to schedule only patterns corre-
sponding to independent sets. The classical problem is to
find independent sets of links that maximize the network
utility. It is assumed herein that nearby links cause soft
interference rather than hard conflict. The solution space
therefore consists of all 2” patterns, and as shown below the
optimal solution consists of a very small subset of patterns.

The allocation problem can be divided into the following
two subproblems. The first allocation subproblem is to
allocate bandwidths to all 2” patterns, denoted by a 2”-di-
mensional vector: y=(y%),c »» Where y*€[0,1] is the frac-
tion of bandwidth shared by APs in A. It follows that:

ZyA=1. Eq.l

AcN

An efficient allocation allocates no resource to the empty
pattern, yielding y?=0. For every pattern A © N, every AP in
A divides the spectrum reserved for A to serve all its
associated UEs using orthogonal spectrum segments, which
is the second allocation subproblem. The bandwidth allo-
cated to the link i—j (the link from AP ito UE j) over pattern
A is dentoed as WiﬁjA. Consequently,
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Diwt =y VACN, ieA. Eq. 2
Jjek
As WHJ.A is only defined for i€EA, the result is exactly

kn2”* such variables. Although the y variables specify the
pattern bandwidths only, they directly imply a physical
allocation as depicted in FIG. 4, which depicts all patterns of
a 3 AP, 2 UE network in accordance with an illustrative
embodiment. The allocations to the 2 UEs are revealed
under pattern {1, 3}. Finer allocation to AP-UE links is then
straightforward. As illustrated in FIG. 4, a physical spectrum
allocation can be easily assembled from the set of w vari-
ables satisfying Eq. 1 and Eq. 2. Also, UE j is associated to
AP i if and only if WiejA>0 for some pattern A with iEA.

For simplicity, it is assumed that each AP applies a flat
power spectral density (PSD) over the allocated spectrum.
The spectral efficiency of link i—j over pattern A is denoted
by siejA. It suffices to define SHJ-A only for i€A as siejA is
not used with i€ A in problem formulations. To preempt any
concern, the following relation is used:

5 =0,ViEN . Eq. 3

Usually, the exclusive spectrum has higher spectral effi-
ciency than shared spectrum. In general, siejAzsiejB if
€A cB. The spectral efficiency siejA can either be calcu-
lated based on path loss and other impairments or be
measured over time. For concreteness in obtaining numeri-
cal results, Shannon’s formula is used for the link efficien-

cies:

Pi&i-j Eq. 4

2 Pigj

W
shy=Tlie A)10g2[1 +

no +

le Auti

] packets/s,

where L is the average packet length in bits, p, is the transmit
PSD of AP, n, is the noise PSD, g, _; is the gain of link i—j
which captures the effects of path loss and shadowing,
240D, 18 the interference received from other APs
operating over the same pattern A, and the indicator function
is defined as

1
l(a):{o

The link efficiency is normalized using factor W/L so that
the units of siﬁjA are packets/second. The service rate to UE
j contributed by AP i€A over pattern A is s, *w, .. The
total service rate of UE j denoted as r; can be calculated by
summing over all APs over all patterns as follows:

if a holds,
if a does not hold.

Eq. 5

Eq. 6

L A A
ri= E § Siss jWis j-

ACN ieA

The basic problem formulation is now described. The
fundamental problem is to maximize the long-term utility by
adapting the user association and multi-pattern resource
allocation. Collecting the constraints of Egs. 1, 2, and 6, PO
is formulated as:
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POa: maximize,, ,u(r)

POb: subject to r; = Z Zs{ijw{‘ﬁj, Vjiek
ACN ieA

POc:Zw{LjsyA,VAcN,VieA
jek

POd:Z:l,

AcN

POe:wf,; =20,V jeK,YACN,VieA

where u(r) is the network utility function, and y=(y%),
and W:(WiejA)jEK 4 w4 tepresent the bandwidth alloca-
tions. The spectral efficiencies (siﬁjA)jEK 4 neq are known
parameters. Because the rate vector r=[r,, . . ., r;] is a linear
transformation of the allocation vector w through POb, the
utility can be expressed directly as a function of the alloca-
tions: u(r(w)).

The PO is a convex optimization problem as long as u(r)
is concave in r. The sum rate, the minimum user service rate
(max-min fairness), and the sum log-rate (proportional fair-
ness) are all concave utility functions. The focus herein is on
the average (negative) packet delay as the network utility
function:

by Eq. 7

(rj=A)""

u(r) = —Z
jek

where A, is the homogeneous Poisson packet arrival rate of
UE j, and the extended real-valued function 1/x*=1/x if >0
and 1/x*=+c0 if x=<0. It can be seen that 1/x* is convex on
(=00, +0). The choice of this utility function also assumes
exponential packet length and a conservative rate. If r<h,

the packet delay is infinite, the system becomes unstable.
Theorem 1: There exists an optimal solution to PO with at

most k active patterns, i.e., the optimal solution satisfies:
{4 c Ny >0} Isk. Eq. 8

In addition, if the coefficients SHJ-A are drawn from a jointly

continuous distribution, then, with probability 1, there are at
most n-1 UEs served by multiple APs in every optimal
solution to PO. That is, the optimal solution satisfies:

{j € K| there exist Aj, A, CN,i| €A1, h € Ay Eq. 9

Al

RN A2 >0l =n-1

that satisfy i; # i, and w Wiyt j

The above Theorem 1, which has been proven, guarantees
that although the total number of patterns grows exponen-
tially with the number of APs in the network, using a small
number of patterns achieves the optimal performance. Fur-
thermore, it states that although we allow a UE to be served
by multiple APs, most UEs will be associated with only one
AP in the optimal solution.

Proposition 1: If the utility function u(r(w)) is affine in w,
then the maximum utility in PO can be attained by a single
active pattern, where each AP serves only one UE. This
proposition is proven below. A simple example for an affine
utility function u(r(w)) is the weighted sum rate function.
The above Proposition 1 admits a simple intuition: The
utility is contributed by a weighted sum of the bandwidths
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allocated to all links over all patterns, so shifting all
resources to a dominant pattern does not reduce the utility.

A scalable model and algorithm are now described. There
are kn2"~'+2"+k variables in P0. PO can be solved using a
standard convex optimization solver for networks with a
small number of APs. For a metropolitan area network
consisting of hundreds or even thousands of APs, the space
and time complexities of PO become prohibitive. By first
dividing the network into many small clusters, one may
solve for allocation in each cluster separately by assuming
away the uncertainties about inter-cluster interference. How-
ever, because interference from outside a cluster can pen-
etrate deeply into a cluster, such divide-and-conquer solu-
tions suffer significant loss. It is also noted that any
distributed solution is necessarily myopic and hence suffers
similar loss. Thus, the network is treated in its entirety to
develop a scalable, equivalent reformulation and an efficient
near-optimal method for solving the new optimization prob-
lem is provided.

In a large network with many APs, a UE can in general
only be served by a small subset of nearby APs due to path
loss. For every jEK, let N, denote the set of APs whose
received signal-to-noise ratios at UE j are above a certain
threshold &, i.e.,

Ni=tieNPERT S g Eq. 10
o

N, is referred to as the neighborhood of UE j. UE j treats all
APs outside N, as stationary noise sources. This can be
arbitrarily precise as N, may be defined to include all APs
except those received by UE j at well below the noise level.
It is fair to assume the size of all neighborhoods are upper
bounded by a constant ¢,, i.e., IN,I=c,, VjEK. The choices
of € of and ¢, in the actual numerical examples are discussed
below.

FIG. 5 depicts a toy network example with 3 APs and 2
UEs in accordance with an illustrative embodiment. Here
the neighborhood of UE 1 is {1,2} since AP 3 is far away
from UE 1, making the received power from AP 3 below the
threshold €. Similarly, the neighborhood of UE 2 is {2,3}.
Neighborhood N, can be thought of as a server of UE 1’s
traffic. The preceding assumptions imply that the efficiency
of link i—j can be nonzero only if i€EN,, and if so, it only
depends on the activities of APs in the neighborhood of UE
j. That is,

A ANN;

inj = Sing

Eq. 11

s Wie ANN,)

for all jEK, AEN, and i€A. This is consistent with Eq. 3.

For every j€K, all subsets of N, constitute the set of local
patterns of UE j. Anew set of allocation variables (XHJ.B ) are
adopted, where for every jEK, xiejB is only defined for
B <N, and iEB. Here, xiﬁjB denotes the bandwidth allocated
to link i—j under the local pattern B, which can be obtained
as:

Eq. 12
= > wAYjeK.BcN;ieB. E

i i
ANN:ANN j=B
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That is, it is the sum bandwidth over all global patterns
that match B in the neighborhood of UE j. There are exactly

> V12V < kg0t
jek

such x variables. From the viewpoint of UE j,
%P5 NyieB describes how much bandwidth is allocated
to alll its associated links over all its local patterns. Using

Egs. 11 and 12, the summation in POb can be written as:

Eq. 13
ri= o > sk i 4
ANN iek
N; Eq. 14
= 3 S st 4
ANNie AﬂNj
Eq. 15
= St whi
BON; ieB ANN:ANN ;=B
Eq. 16
B
= Z Zsiajxfij-
BN, i€B
In Eq. 16, only local spectrum allocations x, .7 with

iIEBEN; are used. Therefore, as substitutes olf ]ann"1
(global) w variables, at most 002”"‘]*0(1) local x variables
are involved in Eq. 16 for a given j. This is sufficient as the
sum over BEN, and exhausts all patterns of APs that may
serve UE j.

As noted in the theorem above, there exists an optimal
solution to PO that activates at most k patterns. Therefore,
the local allocation variables x should fit into k segments,
where each segment represents the allocation of one pattern.
The set of all segment indexes is denoted by L*{l , k).
By 1ntr0ducmg replicas of the x variables in the form of
(XHJ ’ )]EK [EL e Ny there is obtained an equivalent refor-
mulation of PO, referred to as P1:

maximize,, 4 5u(r) Pla
Z Pib
subject to rj= S‘ijz xﬁlja vjek
Ach i€A leL
i <d v jeK VIeLYACN, VieA Ple
dit s Z at<1,¥iel Vjek, Pd
BcNy,:
BﬂNj¢AﬂNm
VYACN,YmeK: Ny(IN; 0,
X =h VieN Viel Pd
JjeKiieN; AcNjieA
Z el Pif
iel
dMei0, 1}, Vi,V jeK, ¥ ACN, Plg
Pilh

HJ_O VielLVjeK,VACN;VieA

In P1, the spectrum is divided to k segments with band-
widths h', , h*, each corresponding to a global pattern.
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For the 1-th segment, the variables (XHJ )]EKZEACN and
(de Z) ex.4 c N, Tepresent the allocation of this segment from
all UEs Vlewpomts Here P1 b corresponds to Eq. 16. Plc
1mp11es that dA’ is the indicator of local pattern A from UE
j’s viewpoint over the 1-th segment, i.e., d*’=1 if there exists
iEN; such that XHJA’Z>0; otherwise de’ =0. P1d constrains
the consistency of allocation over each segment among all
UEs. That is, P1d enforces the allocation of no more than
one pattern over segment 1 from every UE’s viewpoint.
Compared with PO which has O(kn2”) variables, the number
of variables in P1 is

K3 a1+ 202Nl L2k = op). Eq. 17

Jjek

Theorem 2: PO and P1 are equivalent in the sense that they
achieve the same utility with identical rate vector(s). More-
over, given the optimal solution to P1, the patterns and
bandwidths of the optimal solution to PO can be obtained as:

B VielL Eq. 18

we)

Jjek

U

LBt
Bch.dj >0

A ANN;

Moxi M Vie LV jeK VieA, Eq. 19

Theorem 2 is proven below. The following result is a
useful building block for an efficient algorithm for solving
P1 to arbitrary precision.

Proposition 2: Suppose that u(r(x)) is an affine function of
X. In terms of the maximum utility and the set of feasible (x,
d), P1 is equivalent to P2:

maximize, 4 u(r(x)) P2a
subJecttoxHJsd VjeK,VACN; VieA P2b
v Y dh=lLVjeKVAeN, Ple
BNy,
BOW j#ANNy,
VmeK:Nay\N;j %O,
DMl VieN P2d
jel(:ieNj ACN
dfe{0,1,Vje K, VACN; Ple
P2f

HJE{O L,VjeK,YACN;, VieA.

The key point of Proposition 2 is that when the utility
function u(r(x)) is affine in x, the optimal solution to P1
activates only one pattern and each AP serves one UE that
benefits the most, which yields a simplified formulation P2
(there is no need for the replica index 1). More importantly,
P2 is a binary lineary program (BLP) with only O(k)
variables.

Although the mixed integer programming P1 has signifi-
cantly fewer variables than the original problem PO for a
large network, it is non-deterministic polynomial-time hard
(NP-hard) in general. It is at least as hard to compute the
performance gap between an approximation of P1 and the
global optimal. The gap can, however, be upper bounded by
optimizing an upper bound of the utility function. A prom-
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ising technique is then to iteratively optimize local linear
expansions of the concave utility function. In fact, because
the expansion in each step must be an affine upper bound,
each step becomes a linear program.

For ease of notation, A is denoted as the feasible region
in terms of x defined by P2b-P2f and v(x)=u(r(x)) denotes
the concave utility function. The Vv(x) is used to denote the
gradient of v(¢). Specifically, if v(*) is differentiable at x,

Iv(x)

A
axt,;

Eq. 20

[vv@]f,; = ,VjeK,AcN; ieA.

If v(*) is not differentiable at x, Vv(xX) is minus the
subgradient of the convex function —v(*). For every q, XEA,
it is noted that

L@=viH V(g -g)

where the inner product is defined in general as

Eq. 21

x5 = Z Z Z AN AN Eq. 22

JEK ACN ieA

Due to its concavity, v(*) must be upper bounded by its
linear expansion:

V(x)sf(x), VXEA. Eq. 23:

Given a fixed feasible point g, one obtains an upper bound
of the global maximum if u(r) is replaced in (Pla) by f_(x).
Since f,(¢) is affine, the above proposition implies that a
unique pattern can be identified to maximize the affine
approximation. Based on this observation, Algorithm 1 is
proposed, which is an iterative pattern-pursuit algorithm for
finding a solution within any given £>0 from the global
optimum. Algorithm 1 is as follows:

Input: £>0.

Output: x.

Initialization: t<—0; P<—@; pick an arbitrary pattern x'?.

Repeat

Step 1. Compute x and d which maximize {Vv(x"?),
x) subject to constraints (P2b)-(P2f).

Step 2. t<—t+1. If dP, P<—PU{d} otherwise, add an
arbitrary new pattern that is not in P.

Step 3. Solve P1 by restricting to patterns in P and obtain
the optimal allocation solution x.

until maximizexev< V\/(x(’)),x—x(’)> <g.

Algorithm 1 can be interpreted as a Frank-Wolfe type
Algorithm (also known as a conditional gradient algorithm).
The main difference from a conventional algorithm is that
instead of doing line search, Algorithm 1 finds one recom-
mended pattern in each iteration and re-optimizes P1 using
the set of recommended patterns identified so far. The
recommended pattern set P grows after each iteration
because either one recommended pattern is found or a
random new pattern is added. In the worst case, Algorithm
1 takes no more than 2” steps to terminate, because when the
number of patterns in P reaches 2”, x> must be globally
optimal, so that the condition to exit the loop must be met.
As shown in the numerical example below with 1000 APs
and 2500 UEs, it takes only about 50 steps to achieve an
optimality gap of less than 7%.

Algorithm 1 has several important features. The algorithm
has recommended pattern pursuit since Algorithm 1 starts
with the full-spectrum-reuse pattern in which all APs occupy
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the entire spectrum. In each iteration, it identifies one best
pattern as the maximizer of this linear function (taken over
the same domain). Due to the Theorem 1 discussed above,
it usually takes no more than k iterations to find the global
optimum. The algorithm is also efficient in that the Step 1
solves a BLP in the form of P2. Althought BLP is NP-
complete in the worst case, many BLPs with sparse structure
can be solved efficiently. As observed from numerical
results, Step 1 takes a fairly small amount of time. In
particular, if a branch and bound/cut method is used, the
BLP step can be terminated as soon as a sufficiently tight
upper bound is reached.

Additionally, Algorithm 1 has an optimality guarantee as
stated in Theorem 3: Suppose Eq. 11 holds. For every £>0,
there exists a positive integer k such that v(x®) is at most
¢ away from the global optimum of PO.

Theorem 3 is proven in that P1 is always re-optimized
using more patterns than previous iterations, which results in
non-decreasing series of the utility (V(X(t)))FO,l, . ... This
series must converge due to boundedness of the utility
function. Let x* denote the global optimal. By Egs. 21 and
23, it follows that:

V) -v(x s { Vv (@) xtox @) Eq. 24

Therefore, when the condition for terminating the loop in
Algorithm 1 is satisfied, the optimality gap v(x*)—v(x®) is
guaranteed to be less than e.

To obtain numerical results, parameters compliant with
the LTE standard were used. These parameters are depicted
in the table set forth as FIG. 6 in accordance with an
illustrative embodiment. The maximum number of potential
associations of a user is set as ¢,=3. The results for the actual
packet delay are obtained using a packet-level simulator,
which adapts the transmission time of each packet to the
instantaneous active APs that are transmitting. It is noted
that the delay of a packet includes its transmission time and
its waiting time in the queue. The performance gain of the
proposed allocation schemes were investigated by compar-
ing them with the following baseline schemes: 1. Full-
spectrum-reuse+maximum reference signal receive power
(MaxRSRP): Every AP reuses all available spectrum and
every UE is associated to the strongest AP in terms of the
received power. 2. Full-spectrum-reuse+optimal user asso-
ciation: Every AP reuses all available spectrum and user
association is optimized for the utility. 3. A coloring algo-
rithm. 4. Optimal lower bound: The optimal lower bound of
PO obtained through Algorithm 1.

The performance of the proposed scheme was first con-
sidered in medium-size networks, in which 100 APs and 200
UEs were randomly dropped over a 1100x1100 m? area. The
average packet delay versus traffic intensity curves are
shown in FIG. 7, which is a comparison with the baseline
schemes in accordance with an illustrative embodiment. As
the average UE traffic increases to above 7.5 packets/second,
all three baseline schemes fail to support all the UEs.
Conversely, the proposed solution has significantly larger
throughput (above 11 packets/second) than the other
schemes. The proposed solution also significantly reduces
the delay especially in the high traffic regime. The reason is
that the proposed solution adapts to the traffic conditions
such that spectrum is more reused more aggressively in the
low traffic regime, and spectrum use is more orthogonalized
to avoid mutual interference. Furthermore, the curve of the
lower bound of the optimum is quite close to the curve of the
proposed scheme. This means the proposed solution is close
to the global optimum of PO.
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The present system and method were also tested in a large
network. Specifically, the proposed scheme was used to
compute near-optimal allocation for a network consisting of
1000 APs and 2500 UEs over a 4200x4200 m> area. Since
the coloring algorithm can not afford the computation in
such large scale network, proposed scheme was compared
with the first two baseline schemes.

The average packet delay versus packet arrival rate are
shown in FIG. 8 in accordance with an illustrative embodi-
ment. In FIG. 8, each dotted curve represents the average
transmission time of the corresponding delay curve with
identical marker and color. The proposed solution has sig-
nificantly larger throughput (above 21 packets/second) than
full-spectrum reuse with maxRSRP association (7 packets/
second) and full-spectrum reuse with optimal user associa-
tion allocation (14 packets/second). The proposed solution
also outperforms other schemes in delay especially in the
high traffic regime. Furthermore, the proposed solution is
near optimal with less than 7% gap. Besides, compared with
delay, the transmission time increases much more slowly
with traffic load, indicating that the spectrum is efficiently
allocated to mitigate interference among APs.

The obtained spectrum allocation and user association at
average per UE packet arrival rate of 20 packets/second is
shown in FIGS. 9A-9C. FIG. 9A depicts a deployment and
user assoication for a large network in accordance with an
illustrative embodiment. FIG. 9B is a topogology graph
corresponding to the marked area in FIG. 9A in accordance
with an illustrative embodiment. FIG. 9C is an allocation
graph corresponding to the marked area in FIG. 9A in
accordance with an illustrative embodiment. As shown in
FIG. 9A, the lines connecting each UE-AP pair indicate an
association. FIG. 9B shows the user association for the
marked area. The numbers above each UE represent the UE
index and its traffic load, respectively. The number above
each AP represents the AP index. The spectrum allocation
for the marked area is shown in FIG. 9C. The widths of the
rectangles represent fractions of the entire spectrum of the
active patterns. The solid ones in each row are the spectrum
segments that are used by the corresponding AP to serve the
UE whose index is marked on that spectrum segment. The
algorithm achieves topology aware frequency reuse for
interference management, as well as an efficient traffic aware
spectrum allocation. Specifically, strongly interfering links
(e.g., link 2—4 and link 3—5) are assigned different spec-
trum segments, and the same spectrum segments are reused
by two links that are far apart (e.g., link 10—25 and link
11—28). Moreover, UEs with light traffic loads or UEs on
the transmission edge of two APs (e.g., UE 5) are assigned
less spectrum, and vice versa.

To compare the theoretical delay with the actual delay, a
packet-level simulator is used. The actual transmission rate
of'a resource reserved for a pattern depends on the actual set
of busy APs, which is a subset of the pattern. FIG. 10 is a
graph that compares the actual average packet delay of the
proposed allocation scheme with the baseline schemes in
accordance with an illustrative embodiment. In FIG. 10,
each dotted curve represents the average transmission time
of the corresponding delay curve with in accordance with
the legend. Compared with the theoretical results in FIG. 8,
all three schemes achieve larger throughput regions. That is
because the service rate model of Eq. 6 is conservative, i.e.,
an AP’s transmission rate over any spectrum segment is the
worst-case rate under the corresponding pattern, which is the
achievable rate when all APs in the pattern are transmitting.
This also explains the fact that the proposed scheme is not
as good as the second baseline scheme in the low traffic
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regime. But the proposed scheme still achieves a quite larger
throughput (31 packets/second/UE) than the other schemes.
Moreover, the delay is also significantly reduced by about
50% in the high traffic regime.

Thus, the systems and methods described herein effec-
tively address the joint user association and spectrum allo-
cation problem in large networks over a slow timescale. A
highly scalable reformulation of the network utility maxi-
mization problem has been developed, and a pattern pursuit
algorithm is proposed which obtains near-optimal solution
with an optimality guarantee. As discussed above, the
numerical results show substantial gains compared to all the
other baseline schemes for networks with a large number of
access points. The proposed algorithm applies to any con-
cave utility functions such as sum rate, minimum user
service rate (max-min fairness) and sum log-rate (propor-
tional fairness).

Proof of Proposition 1:
The affine utility function can be written as

u(rw)) =d + Z Z Z cﬁjwij Eq. 25

JjeK AcN ieA

A4

i—j

for some constants d and (¢
as:

). Then PO can be rewritten

maximize A>OZ Ay Eg. 26
V=N Liacn”

maximize .
ot '>O'Zlel( W‘.ilsyAVJeK,VACN,

1=

ViEAZ Z Z cf‘ﬁjw‘-’:j+d.

JjeK AcCN ieA

Define j*(i,A)EK as a maximizer of ¢, ;. It can be seen
that the solution to the inner problem in Eq. 26 is to let each
AP serve the single UE with the largest weight for each
pattern, i.e.,

WiejA:)/{l(/':]‘*(ixA))
for AcN, i€A. Then Eq. 26 can be written as:

Eq. 27

i A 4 Eq. 28
mammlzeyAzo'ZAchAzlz D e’ 4

ACN ieA

Again, Eq. 28 can be solved by allocating all the resources
to one pattern that has the largest weight, i.e., letting y**=1
where A* maximizes

A
Z Ciss ju(i, A)*

ieA

Proof of Theorem 1:

To prove Theorem 1, two additional equivalent optimi-
zation problems are introduced as bridges between PO and
P1. PO is equivalent to P4:

MAXIMIZEr 3 A7) P4a



US 10,736,119 B2

-continued

P4b

subject to r; = E s‘ijz xﬁc-, Vjek
ACN  i€A el

Zw{‘;’jsyA'l,VAcN,VieA,VleL Pdc
jek
Dyt vieL P4d
ACN
DML vier Pde
ACN
D=1 PAf
lel
w20, VIieL Vjek VieA Pag

It is first shown that PO is equivalent to P4 with constraint
P4e removed. To see this, it is recognized that the latter
problem basically splits the variables in the former into k
constituents in identical form. The equivalence is then due to
the concavity of the utility function. To be precise, without
P4e, if all variables with subscript 1 is set to O except for 1=1,
P4 reduces to PO. Thus P4 is a relaxation to P0O. On the other
hand, from any solution to P4 without constraint P4e, the
variables of 1=1, . . . , K can be combined to one feasible
solution of PO. Hence the equivalence.

It remains to show that the additional 1, constraint P4e
does not change the optimal solution. As indicated above, PO
has an optimal solution that activates at most k patterns by
Theorem 1. If the k active patterns each correspond to a
distinct subscript | in P4, one obtains a feasible solution to
P4 that yields the same utility. Specifically, if the k active
patterns found for PO are A', . . ., A*cN, and the optimal
w and y variables are (WHJA)]EK 4 nvaeqand (v9, < Then
the variables of P4 are constructed as follows:

Byt Eq. 29
A=A (4= A1) Eq. 30
oAl A=A Eq. 31
for1=1, . . ., k. Then it can be seen that all constraints in P4

are satisfied and the same optimal utility is achieved. P4 is
equivalent to P5:

Maximize,y, , pti(r) P5a
Z P5b
subject to r; = s‘ijz xﬁc-, Vjek
ACN  i€A leL
wiisZM VACN,VieAVIeLYjekK Pse
e D Bl vacN VieLVjmek P5d
BcN:B+A
> vl =i vieNVieL Ple
JjeK AcN
Zh’ <1, PSf
lel
M el0, 1L VieLVjeK,VACN P3g
P5h

witi20,VleLVjeKk YACN,VicA.

w
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It is first noted that the utility functions of P4 and P5 are
identical. Also, constraints P4b, P4f, and P4g are identical to
constraints PSb, P51, and PSh. Next, it is proven that every
maximum of P4 is also a maximum of P5.

Suppose (r*, w*,y* h*) is a maximum of P4. The variable
z* is sought such that (r*, w*, z*, h*) is feasible for P5. Fix
I€L.. Constraint P4e dictates that there is at most one active
global pattern for every 1€L.. Namely, one can identify one
A*cN, such that y*¥/=0 for every B=A,*. From con-
straints P4c and P4d, it can be seen that:

St e, B
jek
whBl_0 vBs Al Eq. 33

i

For every i, j, 1, and A, let z* /=0 if w, =0 and
otherwise. Then by Egs. 32 and 33, it can be seen that:

wAb L
e
Zj

Eq. 34

=1,

2P =0,V B2A;L Eq. 35

It is apparent that these variables satisfy constraints P5c,
P5d, and P5g. For the remaining P5e, it can be seen that:

=Y it st Fa:36

Jjek

wAL
Wi

JEK AcN

Therefore, (r*, w*, z*, h*) is feasible for P5. To show the
converse, it is shown that if (r*, w*, z*, h*) is a maximum
of P5, then there exists y* such that (r*, w*, y* h*) is
feasible for P4. Fix 1€L.. Constraints P5d and P5g dictate
that there is at most one active global pattern for all jJEK.
Namely, one can identify one A;* =N, such that 7¥57=0 for
every B=A*. From constraints P5c, PSe, and P5h, it can be
shown that:

w=0, VB=zA; Eq.37
WAL _ Z SALL Eq.38
ZZW"*JI_ wiy = A
JEK AcN jek
If y* is defined as
B WA¥ L
y M= Z Wia_l/' >
jek
then it follows that
yBL=0, VB#A! Eq.39
y*A;‘,l _ Z w?ﬁ;'l. Eq.40
jek



US 10,736,119 B2

21
By Egs. 39 and 40, it is apparent that

AL

Z wfﬂ'jl <y Eq. 41

jek
In addition, it can be seen that

Z yerd = y*A;‘,l <p, Eq. 42
ACN

and

DMl =y i = 1.
AcN

Eq.43

Therefore, these variables satisfy constraints P4c, P4d,
and Pde. Hence (r*, w*, y*, h*) is also feasible for P4. It is
concluded that every maximum of P4 corresponds to a
maximum of P5, and vice versa. Hence the equivalence of
P4 and P5.

It can also be shown that P5 is equivalent to P1. The
difference between P1 and PS5 are entirely in the (w, z)
variables associated with global patterns and (x, d) variables
associated with local patterns. The utilities P5a and Pla are
identical. Constraints P5f and P1f are identical. The global
variables (w, z) are next related to the local variables (x, d),
so that feasibility of P1 and feasibility of P5 imply each
other.

It is shown that if (r, w, z, h) satisfy all constraints of P5,
then there exist (x, d) such that (r, x, d, h) satisfy all
constraints of P1. Let x and d variables be obtained as

xM = wiVjeK leLAeN, icA Eq. 44
CCN:CﬂNj:A

att= 3 fLvjeklel AeN, Eq. 45
CCN:CﬂNj:A

By P5¢, P5g, and P5h, it is apparent that P1 ¢, P1 g, and
P1h hold. For every UEEK, every local pattern AEN,, and
every global pattern C =N that satisfies CNN,=A, it can be
seen that siejC:sHjA by Eq. 11. From P5b, Egs. 11 and 44

indicate for every jEK,

Ct

_ § § c ,
rp= Sisj ) Wisi Eq. 46
N ieC teL
c ci
= Silsj ) Widj Eq.47
ACNj CaN-CMN =4 ieC leL
- A (ot}
= S ( w‘-ﬁj] Eq.48
AN, iea L \CeN:CNNj=A
A Al
= E s‘-ﬁjz X5 Eq. 49
Ach icA leL

which is P1 b. Moreover, fix 1€L.. Constraints P5d and P5g
dictate that there is at most one active global pattern for all
JEL. Namely, one can identify one A, =N, such that ZjB =0
for every jEK and B=A,.

Next, the inequality P1d is examined where d is defined
by Eq. 45. For every j, 1, m, A, if A/AN=A, then

Al Bl _ .
dM dBi = Eq. 50
BNy :BNN j#ANNp,
5 Z ch_,l + ADt
CaN:CNINj=A BCNy:BN #ANNyy DN:DNpy=B
Apt
:Zjl + B4 Eq.51
DCN:DNNy (N j# A NNy N
10
< zj-‘"l + Z D1 Eq.52
DcN:DA,
15 .
where Eq. 52 is due to P5d. If A,AN =A, then
Al Bl _ .
dM dBi = Eq.53
2 BNy BN j£A Wi
zjc-'l + !
CaN:CNNj=A BNy BN #AN Ny DN:DNp=B
50+Zzﬁ"sl Eq. 54
25 DcN

where Eq. 54 is due to the special case of P5d with j=m.
Therefore P1d is established. It remains to show Pie. By

30 definition of Eq. 44,

DIV
Jjek ACNj Jjek ACNj CCN:CﬂNj:A
35
szzwﬂjshl Eq.56
JjeK CcN
40 Where Bq. 56 is due to PSe. Thus (r, x, d, h) satisfy all

constraints P1b-P1h as long as (r, w, z, h) satisfy constraints
P5b-PSh.

It is next shown that if (1, X, d, h) satisfy all constraints of
P1, then there exists (w, z) such that (r, w, z, h) satisty all
constraints of P5. The key is to reconstruct global variables
(w, z) from local variables (x, d). Fix I€L. Constraints P1d
and Plg dictate that there is at most one active local pattern
in every neighborhood. Namely, for every jEK, we can
identify one BjZCN, such that ij =0 for every B#le. A
global pattern can be defined as:

45

A= B, Eq.57
jek
55

Due to P1d, it can be seen that AZﬁNj:BjZ. Define global
variables:

60

Bl Eq.58

il = 22510 = Ay N
Bt Eq.59

' =d;7 1 = A

65
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Then P5g and P5h are trivial. Moreover,

o A Al Eq. 60
rji= Sinj ) Xisj
Ach icA leL
gt gLy Eq. 61
- g B
i %S
ieN; leL
Ay Apl Eq.62
=D D st 4
ieN leL
B A Al Eq.63
= Sinj ) Wisis
ACN icA leL

where Eq. 62 is due to Eq. 58. Therefore, P5b is established.
P5c is established from Plec, Eq. 58, and Eq. 59. In addition,
P5d is established due to P1d and Eq. 59. Finally, for PSe,
it is shown that:

A Apt .

DD k= ) i Fa- 64

JjeEK ACN jek
Blj,l Eq. 65

= Xisj

jek

SZ Z xf‘;fjﬁhl Eq. 66
Jjek Ach

where Eq. 66 is due to P1 e. In all, the utility and constraints
of P5 are equivalent to those of P1. Hence the equivalence
of the two optimization problems.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more”.

The foregoing description of illustrative embodiments of the
invention has been presented for purposes of illustration and
of description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed, and modifica-
tions and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:

1. A system for allocating resources in a communication

network, the system comprising:

a plurality of access points, wherein each access point in
the plurality of access points is configured to:
identify traffic information and channel information;

and
transmit the traffic information and the channel infor-
mation to a central controller; and

the central controller, wherein the central controller is
configured to:
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receive, by a transceiver of the central controller, the
traffic information and the channel information from
each of the plurality of access points;

determine, by a processor of the central controller,
resource allocation recommendations based at least
in part on the received traffic information and the
received channel information, wherein the resource
allocation recommendations are determined on a
timescale measured in seconds, wherein each
resource allocation recommendation is specific to a
given access point, and wherein the processor of the
central controller determines the resource allocation
recommendations with a pattern pursuit algorithm;
and

transmit, by the transceiver, the resource allocation
recommendations to the plurality of access points;
and

wherein each of the plurality of access points is config-

ured to allocate a resource based on the resource
allocation recommendations and on local network
information.

2. The system of claim 1, wherein the resource allocation
recommendations specify a spectrum segment to allocate to
each access point-user equipment link.

3. The system of claim 1, wherein the resource allocation
recommendations are configured to optimize quality of
service.

4. The system of claim 1, wherein the transceiver of the
central controller is further configured to receive informa-
tion regarding an intensity of traffic intended for each user
equipment associated with each of the plurality of access
points.

5. The system of claim 4, wherein the processor of the
central controller is configured to determine the resource
allocation recommendations based in part on the intensity of
the traffic intended for each user equipment.

6. The system of claim 1, wherein to implement the
pattern pursuit algorithm, the processor of the central con-
troller is configured to optimize a linear approximation of an
objective function.

7. The system of claim 6, wherein the objective function
is a weighted sum rate, and wherein the weighted sum rate
is weighed with a function of a queue length of access
point-user equipment links in the communications network.

8. The system of claim 1, wherein the processor of the
central controller is configured to update a candidate pattern
set, wherein the candidate pattern set includes all possible
patterns, and wherein a pattern comprises a subset of the
plurality of access points.

9. The system of claim 8, wherein the processor of the
central controller is configured to identify one or more
patterns from the candidate pattern set that are to receive one
or more resources in order to form the resource allocation
recommendations.

10. The system of claim 9, wherein the processor of the
central controller is further configured to determine whether
an optimality gap associated with the resource allocation
recommendations is below a threshold.

11. The system of claim 10, wherein the threshold for the
optimality gap is a predetermined percentage.

12. The system of claim 1, wherein the plurality of access
points comprises at least one hundred access points, and
wherein the at least one hundred access points are in
communication with at least five hundred user equipments.

13. A method for allocating resources in a communication
network, the method comprising:



US 10,736,119 B2

25

receiving, by a transceiver of a central controller, traffic
information and channel information from each of a
plurality of access points;
determining, by a processor of the central controller,
resource allocation recommendations using a pattern
pursuit algorithm and based at least in part on the
received traffic information and the received channel
information, and wherein the determining includes:
updating a candidate pattern set, wherein the candidate
pattern set includes all possible patterns, and wherein
a pattern comprises a subset of the plurality of access
points;
identifying one or more patterns from the candidate
pattern set that are to receive one or more resources;
and
determining whether an optimality gap associated with
the resource allocation recommendations is below a
threshold; and
transmitting, by the transceiver, the resource allocation
recommendations to the plurality of access points.
14. The method of claim 13, where the transmitting is
performed responsive to a determination that the optimality
gap is below the threshold.
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15. The method of claim 13, wherein determining the
resource allocation recommendations comprises identifying
a spectrum segment to allocate to each access point-user
equipment link.

16. The method of claim 13, further comprising receiving,
by the transceiver, information regarding an intensity of
traffic intended for each user equipment associated with each
of the plurality of access points.

17. The method of claim 16, wherein determining the
resource allocation recommendations is performed based in
part on the intensity of the traffic intended for each user
equipment.

18. The method of claim 13, wherein the threshold is
based on a desired level of quality of service.

19. The method of claim 13, wherein the plurality of
access points comprises at least one hundred access points,
and wherein determining of the resource allocation recom-
mendations is performed on a timescale measured in sec-
onds.



